Background: During maximal isometric protraction, it is important to determine the optimal resistance intensity in subjects with a winged scapula, for inducing isolated activity of the serratus anterior against the pectoralis major, which is activated as a synergistic muscle. The aim of the present study was to determine electromyographic activities of the serratus anterior and pectoralis major muscles during isometric shoulder protraction at different levels in subjects with and without a winged scapula. Methods: Thirty male subjects performed isometric shoulder protraction in a sitting position at different resistance intensity levels (100%, 80%, and 60% of maximal protraction strength). Surface electromyographic data of the serratus anterior and pectoralis major muscles were gathered simultaneously using fixed instrumentation to measure isometric shoulder protraction. Findings: Muscle activity of the serratus anterior in subjects without a winged scapula was significantly greater than that of subjects with a winged scapula across all three conditions, whereas muscle activity of the pectoralis major was lower in subjects without a winged scapula. In addition, winged scapula muscle activity corresponding to maximal protraction was significantly greater than that in the submaximal condition. Interpretation: In a clinical setting, submaximal resistance can be more optimal than maximal effort during isometric shoulder protraction in individuals with a winged scapula.
Introduction
A winged scapula (WS), considered a faulty posture, is defined as a protrusion in the medial border or inferior angle of the scapula from the thoracic wall (Martin and Fish, 2008; Warner and Navarro, 1998) . The major factors contributing to a WS are weakness of the serratus anterior (SA) muscle, with paralysis of the long thoracic nerve that innervates the SA (Martin and Fish, 2008; Waldman, 2003) or an absence of denervation (Weon et al., 2011; Park et al., 2013) . In cases without denervation, WS is associated with a lengthened, and thus weak, SA. The SA mainly functions as the primary scapular stabilizer against the thoracic wall during arm movement (especially protraction) (Lear and Gross, 1998; Muscolino, 2016; Smith Jr et al., 2003) . Changed scapular kinematics during arm movement due to weakness of the SA is associated with an imbalance in activation among the other shoulder muscles, which induces scapular dysfunction and impingement (Ludewig and Cook, 2000; Lukasiewicz et al., 1999) . Sufficient muscle activation and strength of the SA is emphasized in clinical settings to prevent shoulder problems (Kuhn et al., 1995; Warner and Navarro, 1998; Wiater and Flatow, 1999) .
The SA is the primary muscle used during scapular protraction and is responsible for preventing scapular winging (Escamilla et al., 2009; Neumann, 2016) . This muscle is strengthened by push-ups performed according to a protracted motion (Castelein et al., 2016; Park and Yoo, 2011; Maenhout et al., 2010; Pirauá et al., 2014) . The pectoralis major (PM) functions as a synergist during scapular protraction to compensate for weakness of the SA (Decker et al., 1999; Hiengkaew et al., 2003; Hintermeister et al., 1998) . Although the SA cannot function in full isolation from other muscles during shoulder protraction, excessive activation of the PM during shoulder protraction contributes to https://doi.org/10.1016/j.clinbiomech.2018.12.018 Received 10 July 2018; Accepted 20 December 2018 abnormal scapular motion, resulting in impingement due to abnormal kinematics of the scapula (Ludewig and Cook, 2000; Sahrmann, 2002; Solem-Bertoft et al., 1993) . The ratio of SA to PM activity in subjects with a WS during a standard push-up, which involves a greater load than a knee push-up or wall push-up, is lower than that of subjects without a WS, because failed activation of the SA activates the PM, as a synergist, inducing compensatory movement (Park et al., 2014) . Oh et al. (2016) reported that the strength of the SA, as indexed by isometric protraction, is lower in subjects with versus without a WS. However, few studies have compared shoulder protraction strength and SA and PM activities between subjects with and without a WS.
Several studies have recorded electromyographic (EMG) activities during isometric shoulder protraction and selective activation of the SA, while minimizing the contribution of the PM, in subjects with a WS (Choi et al., 2017; Park et al., 2013) . Isometric effort can be used to identify muscle strength in a static state, by generating a constant force without changing the muscle length, whereas isokinetic effort can induce changes in muscle length to maintain a constant velocity in a dynamic state (Kumar, 2004) . Isometric effort is typically performed during the initial phase of rehabilitation, to strengthen the target muscle in patients with limited shoulder movement (Fernandez de las Penas et al., 2011) . Many researchers have recommended isometric shoulder protraction with shoulder flexion at 90°for SA strengthening exercises in the earlier stages of a rehabilitation program (Clarkson, 2000; Decker et al., 1999; Ludewig et al., 2004) . Therefore, it is necessary to primarily confirm muscle strength with selective SA activity during isometric shoulder protraction in subjects without or with WS who have faulty posture in a static state.
A previous study suggested that the difference in load between push-ups and other exercises can differentially affect selective activity of the SA in subjects with a WS (Choi et al., 2017; Park et al., 2013) . Specifically, changing the exercise load or intensity level is important in selective muscle activity, because compensation via other muscles often occurs during the same motion performed at different levels of intensity (Bitter et al., 2007) . Considering that the resistance intensity of exercise can affect activity of the shoulder muscles during static or dynamic motion in the shoulder region (Boettcher et al., 2010; Nakamura et al., 2016; Tsuruike and Ellenbecker, 2015; Wattanaprakornkul et al., 2011) , it is necessary to investigate the resistance intensity during isometric shoulder protraction required to induce selective SA activity, especially in WS patients who have a diminished ability to isolate the SA.
Based on previous findings, isometric shoulder protraction emphasizing SA isolation is important for muscle strength testing in WS patients, but it is necessary to determine the resistance intensity required to isolate the SA, as it can activate the PM during maximal contraction.
Thus, the purpose of this study was to examine EMG activities of the SA and PM during different degrees of isometric shoulder protraction in subjects with and without a WS.
Methods

Participants
Thirty male volunteers participated in this study. All participants were right-handed, free from past or current shoulder pain, and had no range of motion limitations in the shoulder region. None of the subjects performed overhead activities or upper limb strengthening exercises. Subjects who had a history of shoulder problems (previous surgery or disorder, such as tendonitis or subacromial space impingement), or a neurological disease related to a long thoracic nerve injury, were excluded. Before the EMG data were obtained, the participants were allocated to two groups: individuals with a WS and those without a WS (non-WS). The extent of WS was confirmed based on the mean distance of three measurements obtained using a scapulometer on the dominant side (all participants were right-handed), and we determined criteria from a previous study. Participants in whom the distance between the thorax and the scapula inferior angle was > 2 cm were allocated to the WS group (Weon et al., 2011) (Fig. 1 ). This scapulometer-based screening method was designed to measure the distance from the inferior angle to the thorax wall, and has been estimated to have excellent reliability (intra-rater and inter-rater correlation coefficient) and fair validity (Du et al., 2017) . Table 1 shows the demographic data of the participants.
Prior to the experiments, all participants were provided with information about the present study, and all signed an informed consent form approved by the Inje University Ethics Committee for Human Investigations. Sample size was determined based on a previous study (Park et al., 2014 ) that showed significant differences in isolated activity of the SA between subjects with and without a WS. Power analysis indicated that at least eight subjects would be required to attain a power of 0.95, with an effect size of 2.95 at a significance level of 0.05.
Surface electromyography and data processing
Surface EMG data were collected using a Delsys Trigno Wireless EMG system (Delsys, Inc., Boston, MA, USA) during isometric shoulder protraction at different intensities. The data were analyzed using EMGworks software (ver. 4.3.0; Delsys). The raw EMG signals were bandpass-filtered at 20-450 Hz, and the data were collected at a sampling rate of 2000 Hz. The root-mean-square (RMS) was calculated at the 50-ms window. EMG data were collected for the SA and PM on the subject's dominant side. Before the electrodes were attached, the hair was shaved and the skin was cleaned with rubbing alcohol, to reduce impedance at the electrode site. An EMG sensor was applied on each muscle at standard electrode sites (Criswell, 2010) . The electrode for the SA was located on the midline, at the level of the inferior angle of the scapula and the fifth rib just below the axillary area. We selected the middle portion of the SA because previous studies have shown that it is much more active during push-ups, which are similar to protraction, than the lower SA region (Hardwick et al., 2006; Park et al., 2014) . To collect EMG data for the PM (sternal fibers), the electrodes were placed on the horizontal side of the thoracic wall over the muscle, 2 cm inside of the axillary fold. Maximum voluntary isometric contraction (MVIC) was measured using the manual muscle test (MMT) to normalize the EMG data (Kendall et al., 2005) . Because several studies have reported higher EMG activity using Kendall's MMT when grading above a good level (Ekstrom et al., 2004; Ekstrom et al., 2005) , the participants performed maximal shoulder flexion and protraction in a sitting position, at 120°of shoulder flexion against resistance to shoulder extension and retraction provided by the examiner at the distal humerus, for the SA MVIC measurement. PM MVIC was measured in a supine position with the shoulder and elbow at 90°flexion. Each subject was instructed to perform maximal horizontal adduction without compensatory movement of the trunk in the direction of horizontal shoulder abduction, against resistance provided by the examiner at the humerus. In three trials, each MVIC measurement was performed during a 5-s period, and the mean data from the middle 3 s of each of the three repetitions were used for normalization. All averaged RMS data are expressed as a percentage of MVIC (%MVIC). The mean %MVIC for the different intensity conditions was used in the comparison between the two groups.
Experimental procedures
To ensure different levels of submaximal effort, the maximal strength of isometric protraction was primarily examined using fixed instrumentation with a load cell (RSBA-50L; Radian, Seoul, Korea) linked to a tablet that monitored intensity level, which was customdesigned to measure the strength of maximal isometric shoulder protraction (Fig. 2) . The load cell was linked to a digital display showing the force, which was connected to a supporting board (702 × 300 × 18-mm plate). The isometric effort during shoulder protraction was calculated according to the maximal force applied during shoulder protraction and categorized as follows: (1) 100% maximal isometric effort (100 MIE), (2) 80% maximal isometric effort (80 MIE), and (3) 60% maximal isometric effort (60 MIE) (Tucci et al., 2011) . Before the measurements were taken, each participant was familiarized with the shoulder protraction process, to maintain MIE to within ± 5% of the target level, during a 10-min practice session completed in the sitting position. Isometric shoulder protraction was performed using a modified MMT, and the subjects were positioned with the shoulder and elbow flexed at 90° (Michener et al., 2005) . A modified MMT was used to decrease the number of joints that must be assessed when force is applied to the scapulothoracic joint. The trunk was stabilized with a strap across the chest and a wooden plate, to minimize compensatory movement. A resistance belt was fixed to the subject's olecranon on the elbow joint along the vertical line of the humerus, with the length of the belt adjusted on an individual basis to allow for maximal isometric protraction. The order of testing of the different isometric effort levels was random. Each subject was instructed to exert 80 MIE and 60 MIE, or 60 MIE and 80 MIE, during a 5-s period with a 1 min rest between trials. Compensatory motion caused by horizontal adduction and abduction of the shoulder was monitored visually by the examiner. Trials during which the subject did not adopt the standardized position, or did not maintain the target effort level, were discarded. A 5-min rest period was provided between the measurements under the different conditions. Each subject performed three repetitions; the mean peak force across trials at each isometric effort level during shoulder protraction was used for the data analysis.
Statistical analysis
The mean (M) ± standard deviation (SD) of SA and PM EMG activities, and SA/PM ratio, were obtained during isometric protraction in all conditions. A two-way mixed-model analysis of variance (ANOVA) was used to measure the group × condition interaction. The significance level was set at p = 0.05. Simple effects were assessed when there was a significant interaction in the mixed-model ANOVA, and a pairwise comparison was then performed with the Bonferroni correction applied (α = 0.05/3 = 0.016). If there was no significant interaction in the mixed-model ANOVA, the main effects of group and condition were examined, with Bonferroni correction applied (with α = 0.05). Data analyses were performed using PASW for Windows software (ver. 18.0; SPSS Inc., Chicago, IL, USA). Fig. 2 . Fixed instrumentation for measuring shoulder protraction strength.
Results
The demographic data were similar between the groups. Scapular winging was significantly greater in individuals with a WS than in those without (Table 1) .
A significant group × condition interaction was detected after normalizing the SA EMG data (F (1,28) = 8.273, p < 0.05). Significantly greater SA activity was detected in subjects without a WS compared to those with a WS, across all three conditions (p < 0.016). Additionally, a simple effect was revealed wherein the SA EMG activity at 100 MIE (non-WS group: M = 80.26, SD = 19.85; WS group: M = 55.35, SD = 5.93) was significantly greater than that at 80 MIE (non-WS group: M = 65.00, SD = 15.41; WS group: M = 46.68, SD = 5.59) and 60 MIE (non-WS group: M = 51.13, SD = 11.77; WS group: M = 39.69, SD = 6.69) (p < 0.016); furthermore, the SA EMG activity at 80 MIE was greater compared with that at 60 MIE (p < 0.016) (Fig. 3) . A significant group × condition interaction was seen after normalizing the PM EMG data (F (2,49.287) = 8.127, p < 0.05). Normalized PM activity was lower in individuals without a WS than in those with a WS across all conditions (p < 0.016). In addition, PM EMG activity in both groups decreased gradually from 100 MIE (non-WS group: M = 31.87, SD = 21.07; WS group: M = 58.94, SD = 12.15) to 80 MIE (non-WS group: M = 17.36, SD = 12.18; WS group: M = 25.91, SD = 16.76) and 60 MIE (non-WS group: M = 12.92, SD = 9.66; WS group: M = 23.11, SD = 11.51) (p < 0.016) (Fig. 4) . No significant group × condition interaction was observed for the SA/PM ratio (p > 0.05). There was a main effect of group (non-WS group: M = 5.612, SD = 5.006; WS group: M = 1.624, SD = 1.065) (p < 0.05) (Fig. 5) . Significant differences between 100 MIE (M = 2.683, SD = 3.773) and 80 MIE (M = 3.878, SD = 4.169) (p < 0.05), and between 100 MIE and 60 MIE (M = 4.492, SD = 4.662) (p < 0.05), were observed (i.e., there was a main effect of condition), but no significant difference was seen between the 80 MIE and 60 MIE conditions (p > 0.05) (Fig. 6 ).
Discussion
Our study examined activity of the SA and PM, as well as the SA/PM ratio, according to different levels of isometric effort exerted by subjects with and without a WS. The activity of SA was significantly lower in individuals with a WS than in those without a WS across all levels of effort, indicating a tendency to decrease as the resistance level decreased. In contrast, PM activity was significantly higher in subjects with a WS than in those without a WS under all conditions, but decreased sharply when resistance strength decreased from 100 MIE to 80 MIE. The SA/PM ratio was significantly higher than 100 MIE at the submaximal effort level than 80 MIE and 60 MIE, but there was no significant difference in ratios between 80 and 60 MIE. Fig. 3 . Comparison of serratus anterior (SA) activity under three isometric effort conditions. WS, winged scapula; non-WS, individuals without winged scapula; 100 MIE, 100% maximal isometric effort; 80 MIE, 80% maximal isometric effort; 60 MIE, 60% maximal isometric effort. Fig. 4 . EMG activity of the pectoralis major (PM) under three isometric effort conditions. WS, winged scapula; non-WS, individuals without winged scapula; 100 MIE, 100% maximal isometric effort; 80 MIE, 80% maximal isometric effort; 60 MIE, 60% of maximal isometric effort. Fig. 5 . Comparison of serratus anterior/pectoralis major muscle activity ratio between subjects without a winged scapula (non-WS) and with a WS (WS). Fig. 6 . Comparison of the serratus anterior/pectoralis major muscle activity ratio among three isometric effort conditions. 100 MIE, 100% maximal isometric effort; 80 MIE, 80% maximal isometric effort; 60 MIE, 60% maximal isometric effort.
Our EMG results show that subjects with a WS had significantly lower SA activity than those of the non-WS group, across all isometric intensities. Although it is difficult to directly compare the results of the present study to those of previous research, because different tasks were tested (i.e., different push-up exercises), our results are consistent with the previous finding that SA activity is lower in individuals with a WS (Park et al., 2014) . Those authors suggested that recruiting sufficient SA muscle fibers is important for achieving scapular stability in individuals with a WS who show weakness in the scapulothoracic stabilizer muscles, which is in turn related to an increased risk of shoulder problems (Ludewig and Cook, 2000) . The results of this study showed that the % MVIC in subjects with a WS, under the 100 MIE, 80 MIE, and 60 MIE conditions, was approximately 55%, 46%, and 39%, respectively, versus approximately 80%, 65%, and 51%, in those without a WS. Jobe et al. (1984) suggested that 41-60% MVIC is high, 0-20% is low, and 21-40% is moderate. Thus, although the 100 MIE condition produced the highest SA activity in both groups, protraction at the submaximal effort level (i.e., 80 MIE) also resulted in sufficiently high muscle activity to confirm SA activity.
The WS group showed significantly greater PM activity compared with the non-WS group across all levels of isometric contraction. Especially, PM activity decreased significantly, from approximately 58% MVIC to 35% MVIC in individuals with a WS, and from approximately 31% MVIC to 17% MVIC in those without a WS, between the 100 MIE and 80 MIE conditions, respectively. In a previous study, PM acted synergistically with SA during shoulder protraction, and individuals with a WS had a more active PM due to compensatory clavicular protraction and lower SA activity (Park et al., 2014) . The decreased PM activity in both groups (and especially in the WS group) might reduce the risk of several problems in the shoulder region, such as reduced subacromial space (Solem-Bertoft et al., 1993) , increased compressive force on the glenoid (Labriola et al., 2005) and impingement of the subacromial space (Konrad et al., 2006; McMahon et al., 2003) . Therefore, the lower PM activity seen under the lower versus maximal effort condition may be more important for WS patients who are more likely to exhibit a greater decrease in PM activity.
Subjects with a WS had a significantly lower SA/PM ratio than those without a WS. In addition, as effort decreased from 100 MIE to 80 MIE and 60 MIE, the SA/PM ratio increased significantly, although no significant difference in the SA/PM ratio was detected between 80 MIE and 60 MIE. A high SA/PM ratio indicated that the SA was highly activated relative to the PM. Synergistic muscles (e.g., the PM) that work simultaneously can affect other muscles (e.g., the SA) during movement (Chance-Larsen et al., 2010) , and surface EMG data vary according to afferent reactions to maintain the same force (Farina et al., 2008; Madeleine et al., 2006) . In addition, a low threshold unit would be selectively recruited at a low-to-moderate effort level, in the context of a non-linear force-EMG relationship involving muscles having a mixed fiber composition, whereas high threshold units would be activated at a high effort level (Woods and Bigland-Ritchie, 1983) . Page et al. (2010) posited that the PM is a tonic muscle, while the SA is a phasic muscle contributing to the stability of the scapula. Activity of the tonic muscle (PM) decreases even at a relatively low effort level, such as 100 MIE. This shows that there is an advantage for individuals with a WS who have greater PM and lower SA activity compared with those without a WS, because the SA/PM ratio appeared to increase as PM activity decreased, and the SA activity increased at an effort level below the maximum.
Our results show that, in subjects with WS who have decreased ability in selective activation of SA, isometric shoulder protraction with submaximal effort should be performed rather than 100% maximal isometric protraction during SA muscle strength training through isometric shoulder protraction in clinical settings. In addition, individuals with WS related to postural problems should perform muscle strength measurement and training correctly by focusing on SA (primary mover) muscle activation against the PM (secondary mover).
Our study had several limitations. First, because only a small number of young males participated, it is not possible to generalize the results to other populations. Nevertheless, other studies compared surface EMG findings with fine-wire EMG results, and other muscles (e.g., the trapezius and pectoralis minor) that contribute to scapular control were not examined (Boettcher et al., 2010; Wattanaprakornkul et al., 2011; Wickham et al., 2010) . In addition, WS is classified as medial winging associated with medial border prominence due to SA weakness, whereas in lateral winging, the inferior or superior angle of the scapula is displaced more toward the lateral side due to weakness of the trapezius and rhomboids (Martin and Fish, 2008) . Therefore, it is necessary to examine the EMG activity of these muscles in response to different resistance levels in future studies. Third, although we monitored compensation for clavicular protraction and trunk motion, we were unable to quantitatively analyze anterior translation of the humerus or subacromial space, for example.
Conclusions
This study was designed to measure SA and PM EMG activity, as well as the SA/PM ratio, in subjects with and without a WS, to determine the optimal isometric effort during shoulder protraction. The WS patients showed lower SA activity, higher PM activity, and a lower SA/PM ratio during shoulder protraction under all effort conditions. Additionally, we noted lower PM activity and optimal SA activity in subjects with a WS where, in a clinical setting, an effort level below the maximum (i.e., 80 MIE) can serve as the optimal level during protraction strength testing and exercise in subjects with a WS.
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